Brassica rapa is a crucifer that is grown worldwide, mainly as a vegetable. The quality of B. rapa crops is highly affected by the disease caused by the bacteria Xanthomonas campestris pv. campestris (Xcc). Glucosinolates and phenolic compounds can confer resistance to Brassica crops against pests and diseases, but few works have been done to evaluate their role in Xcc resistance. The objectives of this work were: (1) to evaluate the in vivo and in vitro antibacterial effect of gluconapin, its isothiocyanate and the methanolic extracts of B. rapa against the type 4 of Xcc, and (2) to test if there is induced resistance mediated by glucosinolates or phenolic compounds in two varieties of B. rapa. Gluconapin and its ITC varieties had an antibacterial effect on the development of Xanthomonas and this effect was strongly dependent on the concentration applied. Methanolic extracts from B. rapa, containing glucosinolates and phenolic compounds, inhibited the growth of these bacteria. Concentration of gluconapin is higher in resistant plants than in the susceptible ones and there is an induction of gluconapin, some flavonoids and sinapic acid 48 to 72 h after inoculation. Gluconapin plays a role in the constitutive resistance to Xcc, while gluconapin, some flavonoids and hydroxycinnamic acids are induced by a Xcc infection but it is not clear if this induction confers resistance to this disease.
Introduction
Brassica rapa L. is a crucifer that is grown worldwide, mainly as a vegetable and for edible and industrial oil, providing a large proportion of the daily food intake in many regions of the World.different persistence depending on the compound [14] [15] [16] . Brader et al. [17] reported that the accumulation of glucosinolates in Arabidopsis thaliana L. enhances resistance to Erwinia carotovora (Jones) and Pseudomonas syringae pv. maculicola (McCulloch) . Recently, Aires et al. [18] evaluated the in vitro effect of glucosinolate hydrolysis products (GHP) on six plant pathogenic bacteria (Agrobacterium tumefaciens, Erwinia chrysanthemi, Pseudomonas cichorii, Pseudomonas tomato, X. campestris and Xanthomonas juglandis), showing that GHP could be an alternative tool in controlling these plant diseases. Besides, different authors have shown that secondary metabolites can act not only as a constitutive defense, but also as an induced defense. In this sense, glucosinolates have been indicated to be induced by the attack of herbivore species [19, 20] , but, as far as we know, no research has been done to evaluate the effect of glucosinolates and ITCs on the induced resistance against pathogens.
Besides glucosinolates, plant phenolics have been suggested to be associated to resistance against different plant diseases, but few works have been done in Brassica species. Hafidh et al. [21] evaluated the effect of methanolic crude extract of B. oleracea against 22 human pathogenic bacteria and fungi and they concluded that the extract showed antibacterial and antifungal activity. Other authors studied the effect of total phenolics on the growth of X. campestris [22] but no correlation was found.
The objectives of this work were: (1) to evaluate the in vitro antibacterial effect of gluconapin (GNA), which is the main glucosinolate in B. rapa, its glucosinolate enzymatic hydrolysis product, and a methanolic extract of B. rapa against X. campestris pv. campestris (Xcc), and (2) to test if there is induced resistance mediated by glucosinolates or phenolic compounds in B. rapa.
Results

In Vitro Effect of Gluconapin and Its Isothiocyanate
There were significant differences for the inhibition zone diameter among concentrations and between the two compounds tested, GNA and GNA-ITC (p ≤ 0.001), but there was no significant concentration × compound interaction (p ≤ 0.1347). The inhibitory effect of gentamicin (15.54 mm) was significantly higher than those observed for the highest concentrations of gluconapin and its ITC (11.76 and 8.40 mm, respectively). The mean inhibition diameter of all concentrations for GNA was significantly higher than that obtained for its ITC (10.25 mm and 7.78 mm, respectively). The inhibition diameter of bacterial growth for both compounds through different concentrations is shown in Figure 1 . From these results, we have demonstrated that gluconapin and its ITC had an antibacterial effect on the development of Xcc and that this effect was strongly dependent on the concentration. Differences on the bacterial growth inhibition observed between both compounds could be due to two main reasons. Firstly, isothiocyanates are unstable and volatile, so it is possible that the effect is lower than the effect of the glucosinolate. Secondly, the degradation of glucosinolates can render different compounds other than ITCs, which have not been tested and may have a stronger inhibitory effect. 
In Vitro Effect of Glucosinolates and Phenolic Compounds in Methanolic Extracts from Leaves
This experiment was designed to check if methanolic extracts from B. rapa leaves, which include glucosinolates and phenolic compounds, are effective against Xcc development. An analysis of variance was made to compare the effect of five different concentrations with regard to the control gentamicin. The mean highest concentration produced a mean inhibition diameter of 11.11 mm, which was significantly lower than that of gentamicin (15.36 mm). The effect of the extracts was dose-dependent, varying the inhibition diameter from 8.01 mm with the lowest concentration to 11.84 mm with the highest concentration ( Figure 2 ). 
Effect of Plant Glucosinolates and Phenolic Compounds
For this experiment, two B. rapa varieties were selected, being one resistant (MBG-BRS0259) and one susceptible (MBG-BRS0197) to Xcc race 4. [8] . Aproximately 100 plants of each variety were inoculated with Xcc and 100 plants of each variety were kept as control (without inoculation). All of them were evaluated for phenolic and glucosinolate composition five different times (five bulks and three replicates inside the bulk). The variation in time of the main compounds for resistant (R) and susceptible (S) varieties, inoculated (I) and non-inoculated (C), is shown in Figure 3 . Twenty-one compounds (eight glucosinolates, six flavonoids and seven hydroxycinnamic acids) were identified by retention time and spectra and quantified (Table 1) , based on a previous identification made in our laboratory by Francisco et al. [23] . At time 0, before inoculation with Xcc, there were significant differences between the resistant and the susceptible varieties for GNA (Table 1) , which is the main glucosinolate in B. rapa. The resistant variety showed a higher concentration for this glucosinolate (7.39 µm/g dw) than the susceptible one (4.46 µm/g dw). This result could suggest a constitutive resistance to Xcc in B. rapa mediated by this glucosinolate. After inoculation, glucosinolates were measured four different times in inoculated and non-inoculated plants on each variety. At time 1 (24 h), there were significant differences between the two varieties for GNA. Besides, differences were detected for progoitrin, the flavonoid kaempferol-3-O-(metoxycaffeoyl)sophoroside-7-O-glucoside and the hydroxycinnamic acid AC1 (a chlorogenic acid µmol/gdw derivative). Regarding to phenolic compounds, in the comparison of means for AC1, inoculated plants showed a higher concentration than controls, thus suggesting an induced effect by Xcc. After 48 h (time 2), differences among varieties were significant for 15 compounds (Table 1) . Regarding glucosinolates, we could observe that resistant plants (I and C) had more GNA than susceptible ones. An increase in GNA concentration was observed in inoculated plants from 48 to 72 h, thus suggesting a role of GNA in the resistance to Xcc ( Figure 3A) . At this time, concentration of GNA is higher in the inoculated plants than in the control plants. With regard to flavonoids, there were not significant differences among non-inoculated resistant and susceptible plants. When inoculated, resistant plants did not increase the flavonoid concentration but susceptible plants increased the concentration in 43%, showing that there is an induction of these compounds after inoculation with Xcc ( Figure 3C ). For hydroxycinnamic acids there were significant differences among non-inoculated resistant and susceptible plants, which indicate a possible role of hydroxycinnamic acids in the constitutive resistance to Xcc. This effect was due to the sinapic acid, which has a higher concentration in the resistant plants (23.3 um/g dw) compared to the susceptible plants (16.88 um/g dw) ( Figure 3B ). Like the case of flavonoids, 48 hours after inoculation, resistant plants did not increase their content, but susceptible plants increased their content in 33% (Table 2) . In each row, means followed by the same letter are not significantly different at p ≤ 0. 
Discussion
Over the last few years, several authors have evaluated the effects of glucosinolates or glucosinolate hydrolysis products (GHP) on different plant diseases, because of their control activity against several plant pathogens, insects and nematodes in Brassica crops [16, [24] [25] [26] [27] [28] [29] [30] or Arabidopsis [31] . Most studies are inconclusive but in many of them it is possible to observe an inhibitory effect of glucosinolates, varying with compounds and diseases.
Little is known about the causes of resistance to Xcc in brassica crops. In our study, we hypothesized that glucosinolates and phenolic compounds may have a role in resistance to this pathogen. Recently, Jiang et al. [32] constructed a cDNA library by using a resistant line and its susceptible near-isogenic ones to study sequences related to resistance to Xcc. They found at least 12 genes with different expression in resistant and susceptible lines, but no gene or sequence appears to be related with glucosinolate synthesis. Nevertheless, different authors have evaluated the role of glucosinolates in the defense against Xcc. Aires et al. [18] evaluated the effect of different glucosinolate hydrolysis products (GHPs) against several phytopathogenic bacteria, including Xcc. They found a strong effect of GHPs, meaning that the growth of Xcc could be limited by the addition of GHPs, especially allyl ITC, benzyl ITC, sulforaphane and indol-3-carbinol. Contrary to our results, they also found that some ITCs had a stronger effect than gentamicin. Our results confirm that pure GNA and its ITC interfere in the development of Xcc. The effect was dose-dependent and lower than the antibiotic employed as control.
As it was shown in the experiment, methanolic extracts containing glucosinolates and phenolics had an inhibitory effect on the development of Xcc. Differences among varieties extracts were not significant but there was a significant effect of the concentration, following a linear tendency.
Once we have demonstrated that pure GLS and plant extracts enriched in GLS and phenolics have a role in the inhibition of Xcc growth, it would be convenient to investigate the role of these compounds in the plant defense against this pathogen. From our results, we conclude that glucosinolates, mainly GNA, have a role in the resistance to Xcc and that a strong induction occurs from 48 to 72 h. Regarding phenolics, only sinapic acid may have a role in constitutive defense, but most of other phenolic compounds are induced in susceptible plants after inoculation. The accurate function of this induction is still unknown. Recently, Aires et al. [22] studied the potential role of glucosinolates and their respective hydrolysis products against Xcc infection. They evaluated the variation in profile and content of GLS and total phenolics before and after inoculation with Xcc to evaluate how the initial and post-inoculation profiles correlate with the development of Xcc. Their results conclude that aliphatic and indole GLS may play a complex role in the defense depending on the plant species. In this study, no relationship was found between total polyphenolic content and resistance to Xcc. Other authors studied the metabolite induction by Verticillium dahliae in broccoli and cauliflower [33] . They could not observe glucosinolate induction for either broccoli or cauliflower but they found induction mediated by phenolic and lignin in broccoli. Inoculated plants showed a higher content of phenolic and lignin than non-inoculated plants. This was related with the increased resistance of broccoli, being an example of induced resistance.
Experimental
In Vitro Effect of GNA and Its Isothiocyanate
Pure extracts of GNA (Phytoplan Diehm & und Neuberger GmbH, Heidelberg, Germany) and its isothiocyanate (GNA-ITC, TCI Europe, Zwijndrecth, Belgium) in five different doses (0.15, 0.30, 1.0, 2.0 and 3.0 μL mL
) of each product were tested [18] . Bacterial isolates of type 4 strain HRI1279A (collected from B. oleracea var. capitata in the UK) typed by Vicente et al. [5] and provided by WHRI-Wellesbourne, UK, were used. Xcc conserved in glycerol (20%) at −80 °C was picked and plated in Petri dishes containing 20 mL of fresh Potato Dextrose Agar (PDA). After incubation for 24 h at 30 °C, Xcc were subcultured in nutrient broth (NB) at 30 °C in darkness and with agitation. After overnight incubation, 200 μL of suspension were spread uniformly in 9 cm Petri dishes containing PDA medium by using a sterile plastic inoculation loop. Six sterile filter paper discs (6 mm in diameter, Oxoid, Hampshire, UK) impregnated with 15 μL of each compound tested at each dose and a positive control (10 µg disc −1 of commercial gentamicin) were placed on each plate by using a disc dispenser (Oxoid). A disc containing the negative control (15 μL of solvent dimethyl sulfoxide, DMSO) was placed in the center of each plate. After incubation for18 h at 30 °C, the inhibition of Xcc growth was measured as the diameter (in mm) of the zone without bacteria around the disc, by using a digital caliper (Metrica, Barcelona, Spain). For each compound, five replications were made and the antibacterial activity assessment was expressed as the mean of inhibition zone diameters (mm) according to Aires et al. [18] .
In Vitro Effect of Glucosinolates and Phenolic Compounds in Methanolic Extract from Leaves
Methanolic extracts from B. rapa leaves, which contain glucosinolates and phenolic compounds as major phytochemicals, were tested against Xcc to check their possible antibacterial effect against this disease and to compare them to the effect caused by pure extracts of GNA and its isothiocyanate (GNA-ITC). Four B. rapa varieties, representative of the B. rapa collection from NW Spain, were tested in five different concentrations (1 mL of the methanolic extraction explained below was diluted by 3, 10, 100, 1000 and 10,000). These varieties are kept at the germplasm collection at MBG-CSIC and are commonly distributed between farmers because of their good agronomic performance as turnip tops or turnip greens [34] : MBG-BRS0082, 0143, 0472, 0550. An experiment was performed and the antibacterial activity was assessed as it was previously explained in the in vitro assay of GNA.
Effect of Plant Glucosinolates and Phenolic Compounds
Two B. rapa varieties from the Brassica collection maintained at the MBG-CSIC were selected, being one resistant (MBG-BRS0259) and one susceptible (MBG-BRS0155) to Xcc type 4 [8] . Varieties were inoculated with Xcc isolate HRI1279A (corresponding to type 4 type strain) under greenhouse conditions. For all experiments, inoculum was prepared by growing the bacterial isolate HRI1279A onto screening 523 medium plates for 48 h at 30 °C and preparing a cell suspension in sterile tap water with a concentration of 5 × 10
. This concentration was measured in a Beckman Coulter DU 6 spectrophotometer and corresponded with an optical density of 0.50 at 600 nm.
Hundred plants per genotype were inoculated 5 weeks after planting by using the multiple needles method according to . After inoculating the youngest leaf of each plant, greenhouse conditions were maintained at 14 h of light, mean temperature 24 °C at night and 28 °C during the day and relative humidity between 80% and 90%. In order to study the possible role of glucosinolates and phenolic compounds on plant resistance and, moreover, to determine if this resistance is constitutive or induced, glucosinolate and phenolic concentrations were measured five different times: before the inoculation (time 0) and after the inoculation (time 1 = 24 h, time 2 = 48 h, time 3 = 72 h and time 4 = 168 h) in leaves of a set of inoculated plants and in a set of non-inoculated plants. Then, for statistical analysis the experiment is composed of four different treatments: resistant variety MBG-BRS0259 inoculated (RI), non-inoculated (RC), susceptible variety MBG-BRS0155 inoculated (SI) and non-inoculated (SC).
Extraction and Determination of Glucosinolates and Phenolic Compounds
The LC gradient for glucosinolate and phenolic analyses is a multipurpose chromatographic method that simultaneously separates glucosinolates and phenolics, and it was recently applied to Brassica crops [23, 36] . A portion of 150 mg of each sample was extracted in 70% MeOH (4 mL) at 70 °C for 30 min with vortex mixing every 5 min to facilitate the extraction. The samples were centrifuged (13,000g, 15 min), 1 mL of supernatants was collected, and methanol was completely removed by using a sample concentrator (DB-3D, Techne, Staffordshire, UK) at 70 °C. The dry material obtained was redissolved in 1 mL of ultrapure water and filtered through a 0.20 μm syringe filter (Acrodisc Syringe Filters, Pall Life Sciences, PortWashington, NY, USA). Chromatographic analyses were carried out on a Luna C18 column (250 mm × 4.6 mm, 5 μm particle size; Phenomenex, Macclesfield, UK). The mobile phase was a mixture of (A) ultrapure water/trifluoroacetic acid (TFA) (99.9:0.1) and (B) methanol/TFA (99.9:0.1). The flow rate was 1 mL min-1 in a linear gradient starting with 0% B after 0-5 min, reaching 17% B after 15-17 min, 25% B after 22 min, 35% B after 30 min, 50% B after 35 min, 99% B after 50 min, and 0% B after 55-65 min. The injection volume was 20 μL, and chromatograms were recorded at 330 nm for phenolic derivatives and at 227 nm for glucosinolates in a model 600 HPLC instrument (Waters Corporation, Millford, MA, USA) equipped with a model 486 UV tunable absorbance detector (Waters). Glucosinolates were quantified by using sinigrin (sinigrin monohydrate from Phytoplan, Diehm and Neuberger GmbH, Heidelberg, Germany) as standard. Caffeoylquinic and p-coumaroylquinic acid derivatives were quantified as chlorogenic acid (5-caffeoylquinic acid, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), flavonoids as kaempferol 3-rutinoside (Extrasynthese, Genay, France), and sinapic acid and derivatives as sinapic acid (Sigma).
Statistical Analysis
For all experiments, analyses of variance and mean comparisons were made for the inhibition zone diameter. Mean values were separated by using Fisher's protected least significant difference (LSD) at the 0.05 level of probability. Statistical analyses were performed by using the SAS statistical package [37] .
Conclusions
Pure gluconapin, its ITC and methanolic extracts from B. rapa, containing glucosinolates and phenolic compounds, clearly inhibited the growing of Xcc, being this effect strongly dependent on the concentration applied. The concentration of gluconapin is higher in resistant plants than in the susceptible ones, but not for phenolic compounds, indicating that gluconapin plays a role in the constitutive resistance to Xcc. Gluconapin, some flavonoids and hydroxycinnamic acids are induced by Xcc infection but it is not clear if this induction confers resistance to this disease. Further studies about the metabolic effect of glucosinolates and phenolics would be necessary to understand the effect of these metabolites on the development of Xcc.
